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Two-proton decay of the 17Ne low-lying states populated in the 1H(18Ne, d)17Ne transfer reaction
was studied. The two-proton width Γ2p of the
17Ne first excited 3/2− state at E∗ = 1.288 MeV
is of importance for the two-proton radioactivity theory and nuclear-astrophysics applications. A
dedicated search for the two-proton emission of this state was performed leading to the new upper
limit obtained for the width ratio Γ2p/Γγ < 1.6(3) × 10
−4. A novel, “combined mass” method is
suggested and tested capable to improve the resolution of the experiment which is a prime signifi-
cance for the study of nuclear states with extremely small particle-to-gamma width ratios Γpart/Γγ .
The condition Γpart ≪ Γγ is quite common for the states of astrophysical interest which makes the
proposed approach promising in this field.
PACS numbers: 24.50.+g, 23.50.+z, 25.60.-t, 25.60.Je, 27.20.+n
I. INTRODUCTION
One of the most important tasks for nuclear studies
in astrophysics is the measurement of various reaction
rates for nucleosynthesis calculations. In particular, for
the important situation of the resonant particle radiative
capture the reaction rate of the selected resonant state
at temperature T is proportional to
〈σpart,γ〉(T ) ∼
1
T 3n/2
exp
(
−
Er
kT
)
ΓγΓpart
Γtot
, (1)
where Er is the resonance position, Γγ and Γpart are par-
tial widths of the resonance Er into gamma and particle
channels [1]. The “particle” here can be proton, alpha,
two protons, etc, and n is the number of captured parti-
cles: 1 for p, α and 2 for 2p captures. The total width
of the resonance in the majority of cases is defined as
Γtot = Γγ + Γpart. Therefore in all such cases there are
just two values needed to define the resonance contri-
bution to the radiative capture rate: (i) the resonance
energy Er and (ii) the ratio Γpart/Γtot. For the resonant
states situated well below the Coulomb barrier particle
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width can be very small, this ratio then becomes effec-
tively equal to Γpart/Γγ , and its determination becomes
a complicated task.
Reaction studies provide a way to determine the
Γpart/Γtot ratio without γ-measurements. The compari-
son of data obtained in the measurements made for the
missing mass and invariant mass spectra represents one
of the possible ways to obtain the Γpart/Γγ ratio. The
missing mass spectrum allows the definition of the pop-
ulation cross section for the state of interest, while the
invariant mass spectrum provides the decay cross section
into the particle channel. The ratio of these cross sections
is evidently equal to Γpart/(Γpart + Γγ).
In this work we address the subject of the extremely
weak 2p decay branch of the first excited 3/2− state of
17Ne which is known [2, 3] to predominantly undergo γ
decay to the ground state. Below in Section II we discuss
some issues of the 17Ne study in general and then return
to the subject of measuring the extremely small Γpart/Γγ
ratio in Section III. Further in this work, we study ex-
perimentally the 1H(18Ne, d)17Ne reaction and derive a
new upper limit for the Γ2p/Γγ ratio of the 3/2
− state.
Instead of the invariant mass method to determine the
2p-decay rate we use the novel combined mass method
to provide better experimental resolution. In Section VII
we demonstrate the prospects of the developed method in
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Figure 1. The level schemes for 17Ne, its one-proton subsys-
tem 16F, and decay scheme for 17Ne states.
forthcoming experiments to reduce this limit to the range
where, according to theoretical predictions, the direct ob-
servation of the 3/2− state 2p decay becomes realistic.
II. PROBLEMS OF
17Ne STUDIES
Neon-17 is a kind of “conundrum nucleus” whose struc-
ture and reactions attracted a lot of interest. Multiple ef-
forts to investigate it, both theoretically and experimen-
tally, have not yet provided convincing clarity about its
properties. There are several questions of special inter-
est connected with this nucleus which are actually tightly
interwoven.
The 17Ne nucleus sits on the proton dripline and it is
relatively loosely bound with respect to the 2p breakup
(Eb = 944 keV, see Fig. 1). This is a borromean nucleus:
its 16F subsystem is unbound with Sp(
16F) = −535 keV.
The situation with 17Ne separation energies is highly
analogous to that with the “classical” two-neutron halo
nucleus 6He and thus the question about the existence of
the two-proton halo in 17Ne was formulated in Ref. [4].
The intrigue of this problem is enhanced by the fact that
the 17Ne nucleus is probably the only realistic candi-
date to possess a two-proton halo as in heavier proton
dripline systems the specific spatial extension of the va-
lence nucleon wave functions should be suppressed by
the Coulomb interaction. The issue of two-proton halo
in 17Ne was discussed in the theory papers [5, 6] and
experimental works [7, 8].
The 15O nucleus is a “waiting point” in the astrophys-
ical rp-process as its half-life T1/2 = 122.24 s is compa-
rable to the timescale of the typical rp-process scenarios.
The radiative absorption of two protons (2p capture) is
known to be a possible bypath for this waiting point [9].
The so far unknown 2p decay width of the first excited
state of 17Ne (E∗ = 1288 keV, Jpi = 3/2−) makes a key
point for solving the bypass problem of the 15O waiting
point.o this issue. Taking into account this (previously
omitted) state in the calculation of the resonant radiative
capture rate strongly modified the corresponding rate in
a broad temperature range around 0.15 GK [10]. This
modification is as large as 3 − 8 orders of magnitude,
where the variation corresponds to the uncertainty in 2p
width predicted in theory works [10, 11] the 1.288 MeV
3/2− state.
There is considerable interest in studies of the 2p de-
cay of the 3/2− state from the nuclear theory side as
well. The two-proton decay energy of the first excited
state in 17Ne is only ET = −S2p(
17Ne) = 344 keV. This
state of 17Ne belongs to the class of so-called “true” two-
proton emitters [12]. Here the protons should be emit-
ted simultaneously because the narrow (Γ ∼ 40 keV)
ground state of the intermediate 16F system at Er = 535
keV is not accessible for sequential decay. Due to the
very small 2p decay energy ET , the two-proton decay of
17Ne should have a typical radioactivity-scale lifetime.
For many years preceding the discovery of the ground
state 2p radioactivity in heavier proton dripline nuclei
45Fe, 48Ni, and 54Zn Ref. [12, and Refs. therein], the first
excited state of 17Ne nucleus remained along the prime
candidates for the discovery of 2p radioactivity.
Shell-model calculation using the WBP interaction led
to an estimated partial decay width of 5.5 × 10−9 MeV
for the γ decay of 17Ne 3/2− state [13]. The 2p decay
from the 3/2− state to the 1/2− ground state of 15O can
proceed only via the escape of the sd-shell proton pair.
Few-body calculations performed in the two different the-
oretical approaches predicts the two-proton decay width
to be Γ2p ∼ (5−8)×10
−15 MeV [11] or Γ2p = 1.4×10
−14
MeV [14]. For the first excited state of 17Ne this gives a
ratio of Γ2p/Γtot ≈ Γ2p/Γγ to be (0.9− 2.5)× 10
−6.
Up to now only an upper limit of this value is known
[15]. From the non-observation of the two-proton emis-
sion from the 3/2− state a one-sigma upper limit for the
branching ratio Γ2p/Γγ ≤ 7.7× 10
−3 was set.
III. EXPERIMENTAL APPROACH
The searched Γ2p/Γγ branching ratio for the 2p decay
of the 17Ne 3/2− state is expected to be located in a broad
band of values from the experimental limit Γ2p/Γγ <
7.7 × 10−3 to the theoretical predictions Γ2p/Γγ ∼ 9 ×
10−7. The primary purpose of this work was to reduce
the experimental limit as much as possible and to test
the suggested combined mass method.
The one-neutron transfer reaction 1H(18Ne, d)17Ne is
the subject of study in this work. The measurement of
the missing mass spectrum provides the population rates
for the 17Ne states. Standard methodology implies that,
turning to the measurement of the invariant mass spec-
trum, one can detect the yield of a weak 2p-decay branch
inherent to the state of interest which is the 3/2− state of
17Ne. Naturally, the revelation of the tiny particle-decay
branch of the lower-lying 3/2− state requires special at-
tention to the reduction of the background coming from
the strong particle-decay branch of the higher-lying 5/2−
or/and 1/2+ states.
3There are two ways to overcome this problem. (i)
Choose the reaction which provides the highest ratio for
the population of the state of interest with respect to
the nearest states which can seed background events in
the energy range of interest. (ii) Maximal increase of the
experimental resolution, so that the background events
connected with the nearest states are well separated from
the energy range of interest.
Deciding in favor of the 1H(18Ne, d)17Ne reaction one
can benefit from the fact that the nearest state to 3/2−,
the 5/2− state, is expected to be poorly populated in
this reaction. DWBA calculations (see Section V for the
parameters) show the average cross section for the 5/2−
state, taken in a proper range center-of-mass angle, being
more than one order of magnitude less then that for the
3/2− state.
To enable the better selection of the desired 17Ne state
we used a novel approach which was named the combined
mass method. The measurement of the emission angle
and energy of recoil deuteron appearing in this reaction
is the prerequisite to the realization of this approach.
Figure 2 is destined to illustrate, on the example of the
1H(18Ne, d)17Ne reaction, the choice of particles to be de-
tected in the combined mass method. Of course, this is
the only objective when the excitation spectrum of 17Ne
is measured by the missing mass method. The yields of
different resonance states are defined by this method irre-
spective of their decay modes. The detection of the recoil
deuteron in coincidence with protons only offers a way to
the yield determination made for the decay branches of
the 17Ne excited states associated with the proton emis-
sion. Certainly, of particular interest here is the search
for the anticipated very weak two-proton decay branch
of its first exited state (E∗ = 1288 keV, Jpi = 3/2−).
In the proposed approach the ability to select rare
2p-decay events of the 3/2− state in 17Ne is improved
due to the considerable mass asymmetry for the parti-
cles both in the reaction (Ad/A17Ne = 2/17) and in the
decay (A2p/A15O = 2/15) channels. In the d −
17Ne
center-of-mass system the velocity of the heavier particle
(17Ne
∗
) is known with the precision better by a factor
of 17/2 than that for the lighter one (deuteron). The
energies of the emitted protons in the 17Ne center-of-
mass are defined with much better accuracy. So, hav-
ing measured in laboratory system the emission angle of
the recoil deuteron measured even with a modest (about
one degree) precision one specifies with a tremendous ac-
curacy (within ∆E/E ≈ 6 × 10−4 and better than 0.1
degree, respectively) the energy and escape direction of
17Ne. It should be noted that such a situation is typ-
ical in general for the study of transfer reactions made
in inverse kinematics with heavy projectiles bombarding
light target nuclei. The resolution attainable by means
of combined mass method for the excitation energy spec-
trum depends on the target thickness which can be set
to be quite large due to the small specific energy loss of
the protons which are due to detection. This favors the
revelation of such small 2p decay branch anticipated for
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Figure 2. (color online) The illustration of missing
mass, invariant mass, and combined mass methods for the
1H(18Ne, d)17Ne reaction.
the 1288 keV excited state of 17Ne.
IV. EXPERIMENTAL SETUP
The experiment was performed in the Flerov Labora-
tory of Nuclear Reactions at JINR. The 18Ne beam with
energy 35 MeV/nucleon was produced in fragmentation
of a 53A MeV primary beam of 20Ne bombarding a 55.5
mg/cm2 9Be target. The secondary beam was selected
using the ACCULINNA fragment separator [16].
The standard set of beam diagnostic detectors included
two plastic scintillators (for time-of-flight – ToF and en-
ergy loss – ∆E measurements) and two position-sensitive
multiwire chambers (for beam tracking). Data presented
in this paper were collected in experiments carried out
with a beam of total intensity on target of 2 × 105 pps.
The part of 18Ne ions in the beam cocktail was about
18%.
The secondary beam was focused on a cryogenic hydro-
gen target. The target was a cylindrical cell having the
two 6 µm stainless-steel windows entrance and exit. Two
versions of the target cell with different thicknesses were
used in this experiment. The “thin” target, intended for
work with hydrogen in the gaseous phase, had windows
of 20 mm in diameter and a distance of 4 mm between
them. The gas pressure in the target was 2 bar and the
target was cooled to 24 K. The “thick” target, designed
for operation with hydrogen in the liquid phase, had win-
dows of 30 mm diameter and the effective thickness of 1.1
mm.
Figure 3 shows a schematic drawing of the detector
setup. The annular telescope, located at 15 cm down-
stream the target (“thin” target case) and 12 cm down-
stream the target (“thick” target case), detected the re-
coil deuterons from the 1H(18Ne, d) reaction. The tele-
scope consisted of three position sensitive Si detectors
with an inner (outer) radius of the sensitive area of 16
(41) mm and a thickness of 1 mm each. The first double-
side silicon detector (S1) was segmented into 16 concen-
tric rings on one side and 16 sectors on the other side.
The two subsequent silicon strip detectors (S2 and S3),
segmented into 16 sectors each, provided the measure-
ment of total energy. Particle identification was per-
formed by standard ∆E−E analysis. Each of the detec-
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Figure 3. (color online) The experimental setup and kine-
matic plot for the reaction products. Explanations are given
in text.
tor segments had its independent spectrometric channel.
Signals from any sector of the S1 detector triggered the
data acquisition system. An additional trigger (signal
from the second ToF scintillator selected with a counting
rate reduction of 4096) was used for beam monitoring.
Another telescope located on the beam axis at a dis-
tance of 30 cm from the target was intended for the de-
tection of protons from the 17Ne
∗
→ 15O+2p decay. The
telescope consisted of two square 6× 6 cm2, 1 mm thick
silicon detectors (Q1 and Q2) segmented into 32 strips
on one side. Following the pair of Si detectors installed
was a wall of 16 CsI(Tl) crystals with PMT (Hamamatsu
R9880U-20) readout (CQ). Each crystal was 1.6×1.6 cm2
across and had a thickness of 3.0 cm. To ensure the nor-
mal working conditions for the detectors a 1.4 mm thick
aluminum filter was installed directly in front of the tele-
scope. This was enough to stop all the nuclei making the
beam cocktail while the protons from the decay of 17Ne
∗
lost only a small part of their energy in the aluminum
filter.
V. DATA ANALYSIS
The first part of this experiment was made with thin
(gaseous) target. A total flux of 7.4 × 109 bombard-
ing 18Ne nuclei passed through the hydrogen target with
thickness 4.8 × 1020 cm-2. Figure 4 shows the missing
mass spectrum of 17Ne obtained as a result of this study
of 1H(18Ne, d)17Ne reaction. One can see in this spec-
trum the separate peak corresponding to the 17Ne ground
state and the bump with its left side centered close to the
position of the first (Jpi = 3/2−) excited state. These
structures are superimposed on the smooth continuum
appearing mainly due to the reactions on the target win-
dows. The bump is centered close to the position of the
first excited state (Jpi = 3/2−) which points on the low
population of the nearest 5/2− and 1/2+ states. There-
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Figure 4. Missing mass spectrum (histogram) of 17Ne
∗
mea-
sured using the thin gas target in the angular range 4◦−18◦ in
c.m.s. Lines show the calculated yields of the 1/2− and 3/2−
states of 17Ne and the estimated continuum background.
fore one can sorts out only the peak corresponding to the
contribution of 3/2− state to the measured spectrum.
The measured missing mass spectrum allowed us to
make a good estimation of the ground-state yield, N =
1635(52). Around one third of that value makes the num-
ber of events responsible for the peak attributed to the
3/2− state population. To reliably estimate the yield
ratio of the two states (the Jpi = 1/2− g.s. and the
Jpi = 3/2− first excited state) we carried out the two-step
DWBA calculations of 18O(d, 3He) and 18Ne(p, d) proton
(neutron) pick-up reactions. The existing experimental
data on the angular dependence of the 18O(d, 3He) reac-
tion differential cross sections at 52 MeV [17] have been
reanalyzed and, using a common exit 3He OM potential
for these states, the ratio of Spectroscopic Factor (SFs)
of the first excited state of 17N to that of the ground
state was obtained. In the case of the 1H(18Ne, d)17Ne
reaction studied in the present work we consider only the
reaction channels populating the 1/2− g.s. and the 3/2−
excited state. In a way similar to the isobaric-analogue
case, the cross sections for the 18Ne(p, d) reaction were
calculated. The OM parameters for the reaction entrance
channel were taken from the CH89 global nucleon-nucleus
potential algorithm. For the exit channels the CH89 po-
tentials for proton and neutron were folded to obtain the
deuteron OM potential for the energy corresponding to
the 17Ne g.s. The same potential was applied to the
17Ne first excited state. The resulting differential cross
section values were multiplied by the corresponding fac-
tors emerging from the analysis of data known for the
18O(d, 3He) reaction.
Figure 5 shows the calculated differential cross sections
in the center-of-mass system for the 1/2− and 3/2− states
of 17Ne. The detection efficiencies for the population of
these states were obtained by the Monte-Carlo simula-
tion. The corresponding curves are shown in Fig. 5 by
dashed lines.
5The yield obtained in our experiment for the 17Ne
ground state agrees within ±10% with that coming out
from the differential cross section calculated with a value
of 1.2 assumed for the spectroscopic amplitude (lines in
Fig. 4 show the calculated yields of these states, and the
calculated differential cross sections are shown in Fig. 5).
The significant result for our further analysis is the con-
clusion that one can rely on the cross section values given
in Fig. 5 for the reaction 1H(18Ne, d)17Ne(Jpi = 3/2−).
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Figure 5. (color online) Calculated differential cross sections
in c.m.s. for the 17Ne states obtained in the 1H(18Ne, d)17Ne
reaction (solid lines) and the corresponding detection efficien-
cies provided for deuterons emitted in the individual reaction
channels (dashed lines).
When analyzing the data collected in the thick-target
experiment we took into account the d–p–p coincidence
events detected under the condition that the 18Ne beam
nuclei hit the central part of the hydrogen target within
a circle with diameter of 18 mm. This choice eliminated
the background caused by protons scattered from the ma-
terial at the edges of the target windows. The so selected
beam flux made 2×1010 18Ne nuclei passing through the
hydrogen target with thickness 4.6(4)× 1021 cm2. In to-
tal, 660 d–p–p coincidence events were detected in this
experiment.
Analysis took into account the energy and the trajecto-
ries (angles) of 18Ne projectiles on the target. These pa-
rameters were measured with accuracy 1.5% and 2 mrad,
respectively. It was supposed that the origin of all ob-
served events was in the middle plain of the target. The
triple coincidence events were detected in the center-of-
mass angular range 3◦–24◦, and their detection probabil-
ity in small angular bins was estimated numerically. The
values of the missing mass and combined mass energies,
E∗mm and E
∗
cm, emerging from the data of each event were
found.
The obtained spectra are presented in Fig. 6. In
panel 6 (a) the 660 events are displayed in their po-
sitions in the E∗mm vs E
∗
cm plot. Projections of this
two-dimensional plot on its axes are the combined mass
and missing mass spectra which are presented in pan-
els 6 (b,c). Poor resolution obtained in the missing mass
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Figure 6. (color online) Excitation energy spectrum of 17Ne:
(a) Correlation plot showing the excitation energy of 17Ne
measured by the missing mass method (E∗mm) versus the en-
ergy obtained by the combined mass method (E∗cm). The
ellipses shown by solid red, dashed blue, and dotted magenta
curves correspond to the loci where the observation of 68%
of events for the 3/2−, 1/2+, and 5/2+ states, respectively,
is expected. (b) combined mass spectrum, (c) missing mass
spectrum.
spectrum emerges from the distortion caused by the thick
target.
The combined mass for each individual d–p–p coinci-
dence event is defined as the 17Ne decay energy obtained
as the sum of the center-of-mass energies of the two emit-
ted protons. The small correction for the 15O recoil en-
ergy is taken into account. In addition to the energies and
emission angles of the two protons measured well in lab
system the analysis requires a good knowledge of the mo-
mentum vector of 17Ne produced in the 1H(18Ne, d)17Ne
reaction. Of key importance here is the emission direc-
tion (polar angle) of the recoil deuteron measured in the
experiment with 8 mrad precision. This defines the en-
ergy and polar angle of 17Ne with accuracy 0.03% and 2
mrad, respectively.
Following procedures were implemented in the data
analysis. The excitation energy of 17Ne is separated in
two parts: the energy of relative motion of two protons
(Ex) and the relative-motion energy of the core and di-
proton (Ey). The value Ex for each individual event is
defined from the proton momentum vectors measured in
the lab system. Switching to the 17Ne center-of-mass
6frame the 15O momentum is also found according to mo-
mentum conservation, and Ey emerges from the defined
15O momentum. The accuracy of the derived Ex and
Ey values is limited by errors occurring at the transition
from the lab system to the center-of-mass system.
The combined mass energy Ecm = Ex + Ey has accu-
racy better than the missing mass. This makes percep-
tible the two states of 17Ne (the states with Jpi = 1/2+,
E∗ = 1288 keV and Jpi = 5/2+, E∗ = 2651 keV) sit-
uated above its 2p-decay threshold (see in Fig. 6(a,b)).
We can not exclude that a few tens of events connected
with the 17Ne 5/2− state, are present in the spectrum
in Fig. 6 but these are indistinguishable among the over-
whelming number of the 1/2+ events and don’t affect
the further analysis. The event localization obtained in
this experiment in the two-dimensional plot Emm vs Ecm
was tested by Monte-Carlo (MC) simulations incorporat-
ing the standard Geant4 [18, 19] electromagnetic physics
set for the description of particle interaction with matter.
The simulation resulted in the definition of the loci where
the majority of events (68%) associated with the 17Ne ex-
cited states are localized. One can see in Fig. 6 (a) that
the event pattern obtained in experiment is described
rather well by the simulation. It describes also the event
seeding towards the low-energy tails of the Ecm spectra.
The origin of this seeding effect in the discussed experi-
ment was made by the small fraction of protons scattered
from the annular telescope intended for the deuteron de-
tection (see this in Fig. 3).
VI. WIDTH RATIO EVALUATION
The Γ2p/Γγ value can be evaluated by the following
equation
Γ2p
Γγ
=
N2p
ε2pN
, (2)
where N2p is the number of measured d-p-p events; N
— total number of events where 17Ne was produced in
its first excited 3/2− state; ε2p — detection efficiency
of the two protons emitted by 17Ne. The value of ε2p
was estimated by means of Monte-Carlo simulation. The
N value was estimated from the cross section shown on
Fig. 5
N = NBNat
∫
ε
dσ
dΩ
dΩ = 38(6)× 103,
where NB is the number of
18Ne beam nuclei hitting the
target in this experiment; Nat is the effective thickness
of liquid hydrogen target; ε — efficiency of deuteron de-
tection obtained from the Monte-Carlo simulation of the
setup.
Main problem ofN2p estimation is that there is no peak
associated with the 3/2− state in the 2p-coincidence spec-
trum, see Fig. 6 (b). The spectrum shows some events
near the energy of the 3/2− state. Events located in
the 3/2− state energy range can be connected with this
state as well as with the decay of the higher-lying ex-
cited states, and there is no way to clearly separate them.
Therefore we can only set an upper limit for the Γ2p/Γγ
ratio of the 3/2− state.
The excitation energies obtained in the combined mass
method (E∗cm) and missing mass method (E
∗
mm) should
show some correlation. In particular, events occurring
at excitation energy E∗mm > 2.2 MeV in the spectrum of
Fig. 6 (c) have nothing to do with the 3/2− state popu-
lation. Therefore it is appropriate to inspect the locus of
this state in the two-dimensional plot in Fig. 6 (a) shown
in coordinates E∗cm vs E
∗
mm. The solid ellipse shows the
locus, where 68% of 3/2− state are concentrated. One
can see eight events in this locus, that corresponds to
Γ2p/Γγ < 6(1) × 10
−4. However, the majority of events
are located in the top-right part of the ellipse. If we
reduce the 3/2− locus to bottom-left half of the ellipse
delimited by line E∗mm = 2.5 − 1.5E
∗
cm then half of the
expected 3/2− events should to be lost, but there are
no events in this region at all. This gives a lower limit
Γ2p/Γγ < 1.6(3)× 10
−4.
VII. PROSPECTS TO IMPROVE SENSITIVITY
LIMIT OF THE METHOD
As we can see the 2p-decay width limit achieved for the
first excited state of 17Ne is still much higher than the up-
to-date theoretical predictions [11, 14] give. It is natural
to address a question: which 2p-width limit is attainable
just by a realistic optimization of the setup. We assume
here that a 18Ne beam intensity of 106 s−1 hitting the hy-
drogen target will be available, and one should optimize
only the energy resolution to get rid of the background
coming from the higher-lying excited states.
Figure 7 shows the Monte-Carlo simulations of the “im-
proved” setup. The prime parameters of the setup which
affect the energy resolution are target thickness, energy
and angular resolutions of the charged particle telescopes.
The optimized setup has gaseous hydrogen target with
thickness of 1.2 mg/cm2. Supposition was made that
the used recoil-deuteron detector array ensured measure-
ments for the 1H(18Ne, d)17Ne reaction taking place in
an angular range of 8◦ ≤ θcm ≤ 24
◦.
Standard Geant4 [18, 19] electromagnetic physics set
was used for particle interaction with matter description.
Panel (a) shows the Monte-Carlo simulation results nor-
malized to the unity probability density W (E∗) for the
3/2−, 5/2−, and 1/2+ states. The respective energy res-
olutions are 80, 130, and 140 keV (FWHM). Fig. 7 (b)
and (c) show the cumulative distribution functions
I(E∗) =
∫ E∗
−∞
W (E) dE ,
for Gaussian fits of Fig. 7 (a) and for full MC results,
respectively.
7If we look at the FWHM values only, the achieved res-
olutions are more than sufficient for our task: the states
are very far from overlap, which is confirmed by Fig. 7
(b). But it can be seen in Fig. 7 (a) that the behavior
of the distribution “wings” deviates from the Gaussian
profile at certain level and extends much further, beyond
the actual resonance position than expected from the res-
onance FWHM. It can be found in Fig. 7 (c) that the cu-
mulative contribution of the “background” events from
the 5/2− and 1/2+ states is substantial in the energy re-
gion of the 3/2− resonance, achieving 10−4−10−5. Fig. 7
(c) gives a guideline how to optimize the “signal to noise”
ratio for the measurements aiming at the 3/2− state de-
cay: we should make cutoff for 3/2− events below certain
energy E∗. If we recall that the population of the 5/2−
state is at least one order of magnitude smaller than that
for the 3/2− state in the (p, d) reaction, an optimistic
background condition 4× 10−6 is obtained. This is quite
close to the theoretical limit Γ2p/Γγ ∼ (0.9− 2.5)× 10
−6
showing that direct 2p measurements could be feasible at
least from the background point of view.
It is clear that precise behavior of the “non-Gaussian”
component of the energy resolution is a very delicate issue
depending on the fine details of the experimental appa-
ratus. Here we demonstrate that (i) this issue can be
overcome in realistic scenario and the further search for
the 2p branch in 17Ne 3/2− state is feasible and (ii) the
prior careful studies of this aspect of the planned exper-
iment are unavoidable.
We should also point out that additional background-
elimination method can further improve the situation
here. This is connected with energy correlation analy-
sis as provided by Fig. 6(a). A six-fold improvement was
achieved for the Γ2p/Γγ limit in the current experiment,
and it can be evaluated that even higher improvement
factors are possible depending on the details of the ex-
perimental setup.
From a more general point of view, in the particu-
lar case of our experiment we aimed to determine the
Γpart/Γtot ratio for the quite complicated 2p decay pro-
cess. It is clear that in the easier cases of states decaying
via proton or alpha emission the Γpart/Γtot ratio attain-
able in this approach should be much better.
VIII. CONCLUSIONS
We performed a dedicated search for the 2p decay
branch of the first excited 3/2− state of 17Ne populated
in the 1H(18Ne, d)17Ne transfer reaction. The population
of low-energy states (E∗ < 3 MeV) in the 17Ne nucleus
was also studied. Based on these results the new up-
per limit Γ2p/Γγ ≤ 1.6(3) × 10
−4 is established. This
significantly (about a factor of 50) reduces the value of
the limit defined in the previous work [15]. The strong
improvement of the Γ2p/Γγ limit was achieved due to
the choice of the transfer reaction used as a tool for the
two-proton decay study of 17Ne
∗
and application of the
W
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Figure 7. Monte-Carlo simulations of the improved setup
demonstrating potential sensitivity limit of the method. The
3/2−, 5/2−, and 1/2+ contributions are shown by solid black,
dashed red, and dotted blue curves, respectively. Panel (a)
shows the probability density W . Thin curves give the Gaus-
sian fits with respective deduced FWHM values of 80, 130,
and 140 keV. Panels (b) and (c) show the cumulative distri-
bution functions I for the Gaussian fits and for the complete
MC distributions, respectively.
novel “combined mass” method to the reconstruction of
the 17Ne excitation spectrum. The latter allowed us to
improve significantly the instrumental resolution in the
measurements made with the thick target. The measured
limit for the rate value rules out the predictions made
for the 2p decay width of the 17Ne first excited state by
the simplified di-proton decay model [13], but it is still
insufficient to be restrictive for the realistic theoretical
predictions [11, 14].
We see prospects for a considerable (by 1-2 orders
of magnitude) reduction of the Γ2p/Γγ upper limit in
the proposed experimental method without revolution-
ary modification of the setup. Such improvements open a
way to the direct experimental observation of the true, ra-
dioactive 2p-decay of the 17Ne 3/2− state taking the the-
oretically predicted ratio of Γ2p/Γγ ∼ (0.9− 2.5)× 10
−6
as a trusted aim.
The issue of general interest is the development of
methods applicable to the studies of weak particle (al-
pha, proton, or two-proton) decay branches of excited
states which reside well below the Coulomb barrier and
thus have extreme small Γpart/Γγ ratios. The possibility
to derive directly such weak decay branches in one exper-
iment makes promising the application of the proposed
approach to the problems of nuclear astrophysics.
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